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Abstract 

We  tested  the  life  cycle  of  commercial  laminated  lithium-ion  cells  with  both  liquid  (LE  cells)  and  polymer  (PE  cells)  electrolytes  by 
simulating  a  satellite’s  low  earth  orbit  (LEO)  operation  under  various  environmental  conditions  to  develop  a  power  storage  system  for 
microsatellites.  We  completed  4000  cycles,  corresponding  to  about  8  months  of  LEO  satellite  operation.  The  LE  cell  initially  exhibited  better 
performance  than  the  PE  cell  in  a  normal  atmosphere.  However,  the  LE  cell  began  to  expand  in  a  vacuum  (about  20  Pa),  accompanied  by 
capacity  loss  and  voltage  decline  at  the  end  of  the  discharge.  In  contrast,  the  PE  cell  exhibited  excellent  endurance  in  a  vacuum  and  maintained 
high  capacity  and  voltage  at  the  end  of  the  discharge.  The  reliable  cycling  of  the  PE  cell  in  a  vacuum  was  attributed  to  the  adhesive  properties 
of  the  gel  electrolyte  that  held  the  laminate  film  package  and  active  electrode  materials  together.  A  comparison  of  cell  performance  at  various 
ambient  temperatures  demonstrated  that  the  proper  ambient  temperature  range  for  a  PE  cell  is  from  10  to  30  °C. 
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1.  Introduction 

The  rapid  progress  in  commercial  and  consumer  micro¬ 
electronics  has  catalyzed  the  use  of  microsatellites  in  both 
civil  and  military  missions,  including  specialized  communi¬ 
cations  services  and  research,  earth  observation  and  remote 
sensing,  small-scale  space  science,  technology  demonstra¬ 
tion  and  verification,  and  education  and  training  [1-5].  These 
microsatellites,  with  a  mass  ranging  from  10  to  100  kg  and  a 
designed  mission  life  of  less  than  1  year,  play  a  role  comple¬ 
mentary  to  traditional  large  satellites  operating  in  a  low  earth 
orbit  (LEO)  by  providing  an  alternative  gap-filler  for  afford¬ 
able,  quick  response  and  exploratory  missions  with  very  real 
and  beneficial  advantages  in  terms  of  cost  and  response  time. 
However,  the  limited  payload  mass,  volume,  and  power  in  a 
microsatellite  necessitate  small,  lightweight,  inexpensive  on¬ 
board  components.  This  is  particularly  true  for  the  recharge¬ 
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able  battery  system,  which  is  generally  one  of  the  most  mas¬ 
sive  onboard  components  [6-8]. 

Nickel-cadmium  (Ni-Cd)  and  nickel-hydrogen  (Ni-H2) 
batteries  have  primarily  been  used  for  power  storage  in  space. 
However,  lithium-ion  cells  exhibit  attractive  characteristics 
of  higher  energy  density,  higher  working  voltage,  lower  self¬ 
discharge,  and  no  memory  effect,  and  thus  lithium-ion  bat¬ 
teries  are  expected  to  replace  conventional  alkaline  batteries 
[9-14].  Laminated  lithium-ion  cells  in  particular,  which  use 
aluminum  laminate  film  as  package  material,  may  be  config¬ 
ured  with  great  flexibility  to  meet  various  system  demands. 
These  advantages  allow  for  different  design  approaches  for 
the  power  storage  systems  of  satellites  compared  with  es¬ 
tablished  space  engineering  techniques.  For  example,  alu¬ 
minum  tape  may  be  used  as  a  simple  means  to  affix  the  cells. 
This  renders  battery  stacking  unnecessary  and  results  in  high 
energy  density  of  the  battery.  Additionally,  the  thin-layer 
structure  of  laminated  lithium-ion  cells  enables  them  to  be 
inserted  between  the  onboard  instruments  without  requiring 
a  specially  designated  location.  For  these  reasons,  laminated 
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lithium-ion  cells  are  particularly  appealing  for  microsatellite 
applications. 

We  conducted  a  flexibility  evaluation  of  commercial  lam¬ 
inated  lithium-ion  cells  3  years  ago  at  the  Japan  Aerospace 
Exploration  Agency  (JAXA,  formerly  National  Space  De¬ 
velopment  Agency  of  Japan)  to  facilitate  the  application  of 
laminated  lithium-ion  cells  in  microsatellites.  We  summa¬ 
rized  the  cycle-life  testing  of  these  cells  in  previous  papers 
by  simulating  LEO  operation  with  a  40%  depth  of  discharge 
(DOD)  profile  [15-18].  After  then,  we  further  focused  specif¬ 
ically  on  the  cycle-life  testing  of  laminated  lithium-ion  cells 
in  a  vacuum.  This  paper  reports  the  most  recent  results. 

Laminated  lithium-ion  cells  use  aluminum  laminate  pack¬ 
ages,  and  thus  we  must  first  determine  whether  these  cells 
cycle  normally  in  a  vacuum.  Commercial  laminated  lithium- 
ion  cells  are  generally  divided  into  two  types  according  to 
their  electrolyte  states.  One  type  is  the  common  lithium-ion 
cell  with  liquid  electrolyte,  designated  here  as  the  liquid-type 
electrolyte  (LE)  cell.  The  other  type  is  a  lithium-ion  poly¬ 
mer  cell,  which  contains  polymer  support  material  to  form 
gel  electrolytes  by  incorporating  organic  electrolytes,  desig¬ 
nated  here  as  the  polymer- type  electrolyte  (PE)  cell.  The  dif¬ 
ferent  adhesive  properties  of  polymer  and  liquid  electrolytes 
in  laminating  film  packages  enable  us  to  easily  deduce  that 
the  electrolyte  state  may  affect  the  endurance  of  laminated 
lithium-ion  cells  in  a  vacuum.  Therefore,  it  should  be  very 
interesting  to  compare  the  cycling  behavior  of  the  cells  con¬ 
taining  liquid  and  polymer  by  simulating  LEO  satellite  op¬ 
eration  in  a  vacuum.  No  previous  data  is  available  on  this 
aspect. 

Our  primary  objective  was  to  evaluate  the  effect  of  a  vac¬ 
uum  on  the  cycling  behavior  of  laminated  lithium-ion  cells 
with  a  liquid-type  electrolyte,  and  laminated  lithium-ion  cells 
with  a  polymer-type  electrolyte,  both  manufactured  by  the 
same  company  and  with  equal  nominal  capacity.  We  tested 
the  cycle  life  of  LE  and  PE  cells  in  a  simulated  LEO  satel¬ 
lite  operation  with  a  40%  DOD  profile  and  compared  their 
cycling  performance  to  achieve  this  objective.  We  also  in¬ 
vestigated  the  effect  of  ambient  temperature  on  the  cycling 
behavior  of  these  cells. 

2.  Experimental 

2.7.  Sample  of  laminated  lithium-ion  cells 

Table  1  lists  typical  properties  of  both  types  of  laminated 
lithium-ion  cells  evaluated  in  this  work.  These  cells,  also 


manufactured  by  the  same  company,  have  similar  properties 
except  for  the  electrolyte  state.  We  attribute  the  difference  in 
cycling  behavior  of  LE  and  PE  cells  to  the  electrolyte  state 
effect.  According  to  the  shipment  check  data  from  the  man¬ 
ufacturer,  the  ambient  temperature  tolerance  for  both  cells 
ranges  from  0  to  45  °C. 

2.2.  Vacuum  chamber  and  cell  setup 

Fig.  1  depicts  the  cell  setup  in  a  vacuum  chamber.  The 
vacuum  chamber  has  a  capacity  of  about  20  Pa,  maintained 
by  continuous  operation  of  a  rotary  vacuum  pump.  We  tested 
two  cells  of  each  electrolyte  type  (LEI  and  LE2,  PEI  and 
PE2)  under  identical  conditions  to  determine  their  perfor¬ 
mance  dispersion.  We  used  aluminum  tape  to  affix  the  cells 
onto  the  copper  plate  of  the  vacuum  chamber.  This  is  the  same 
procedure  expected  for  use  in  affixing  laminated  lithium-ion 
cells  in  a  real  microsatellite.  A  thin  layer  of  silicon  grease 
(Sunhayato,  SCH-20)  applied  between  the  cells  and  the  cop¬ 
per  plate  improved  the  radiation  of  heat. 

The  vacuum  chamber  was  initially  maintained  at  normal 
atmospheric  pressure  for  testing  then  subsequently  decom¬ 
pressed  to  approximately  20  Pa  after  300  cycles  to  simulate 
a  vacuum.  The  ambient  temperature  of  the  cells  was  main¬ 
tained  between  0  and  45  °C  via  a  water-flow  thermostat  in  a 
copper  plate. 

2.3.  Cycle-life  testing 

We  tested  the  cycle  life  of  each  cell  individually  using  a 
Charge-Discharge  Battery  Tester  (Kikusui,  PFX-2000).  We 
monitored  cell  voltage,  cell  current,  cell  temperature,  cop¬ 
per  plate  temperature,  and  pressure  in  the  vacuum  chamber 
during  the  testing. 

2.3.1.  Charge-discharge  cycle 

We  tested  cells  by  simulating  a  satellite’s  LEO  operation 
with  a  DOD  of  40%  under  a  regimen  of  constant-current, 
constant-voltage  (CC-CV)  charge,  and  constant-current 
(CC)  discharge.  We  charged  the  cells  with  a  taper  voltage 
of  4. 1  V,  a  total  charge  time  of  6  h,  and  a  charge  rate  of  0.5  C 
at  the  beginning  of  the  cycle-life  testing.  We  charged  the  cells 
for  60  min  in  every  charge-discharge  cycle  at  a  taper  voltage 
of  4.1  V  and  a  charge  rate  of  0.5  C,  and  we  discharged  them 
for  30  min  at  a  discharge  rate  of  0.8  C.  We  determined  the  cy¬ 
cle  life  based  on  the  cycle  at  which  voltage  in  the  discharge 
phase  dropped  to  2.75  V.  The  charge  current  was  calculated 
here  by  using  the  nominal  cell  capacity. 


Table  1 


Typical  properties  of  the  laminated  lithium-ion  cells  evaluated  in  this  work 


Sample 

Electrolyte 

Nominal 

Sizea  (mm) 

Weighta  (g) 

Capacity  (Ah) 

Voltage  (V) 

Length 

Width 

Thickness 

LE 

Liquid 

0.68 

3.7 

61.0 

35.0 

3.8 

14.33 

PE 

Polymer 

0.65 

3.7 

53.8 

40.6 

3.8 

14.91 

a  Average  value. 
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Fig.  1.  Photograph  of  laminated  lithium-ion  cells  set  in  a  vacuum  chamber.  Aluminum  tape  was  used  to  affix  the  cells  to  the  copper  plate. 


2.3.2.  Capacity  verification 

We  verified  the  residual  and  real  capacity  of  every  cell 
at  fixed  points  during  the  cycle-life  testing.  We  measured 
the  residual  capacity  after  charging  the  cells  under  cycle- 
life  testing  conditions  by  directly  discharging  the  cells  in  CC 
mode  at  a  rate  of  0.5  C  with  a  cut-off  voltage  of  2.75V.  We 
charged  each  cell  again  in  CC-CV  mode  at  a  rate  of  0.5  C 
with  a  taper  voltage  of  4.1V  for  6  h,  and  then  discharged 
them  under  the  same  conditions  we  used  for  the  residual 
capacity.  The  capacity  we  obtained  was  defined  as  the  real 
capacity. 

2.3.3.  Impedance  measurement 

We  left  the  cell  in  an  open-circuit  state  for  at  least  1  h  after 
every  capacity  verification  to  stabilize  the  cell  voltage.  We 
then  measured  the  ac  impedance  at  frequencies  from  0.01  Hz 
to  10  kHz  at  5  mV  potentiostatic  signal  amplitude  using  a  So- 
lartron  FRA  1255B  frequency-response  analyzer  and  a  So- 
lartron  model  1287  electrochemical  interface. 


3.  Results  and  discussion 

3.1.  Cell  appearance 

Batteries  for  space  applications  are  used  in  a  vacuum,  and 
therefore  laminated  lithium-ion  cells  must  function  normally 


in  such  an  environment.  We  first  investigated  the  effect  of  a 
vacuum  on  cell  appearance  in  this  study. 

Fig.  2  depicts  an  example  of  a  PE  cell  before  and  after  a 
vacuum  was  applied.  No  change  in  outward  appearance  of 
the  PE  cell  was  observed  in  the  vacuum,  indicating  proper 
endurance  of  the  PE  cell. 

In  contrast,  the  LE  cell  greatly  expanded  in  the  vacuum 
when  compared  to  its  operation  in  normal  atmosphere,  as  il¬ 
lustrated  in  Fig.  3.  As  a  result,  the  aluminum  tape  used  to 
fix  the  cell  peeled  off  the  copper  plate,  exposing  the  white 
silicon  grease  between  the  cell  and  the  copper  plate.  In  a  nor¬ 
mal  atmosphere,  the  aluminum  tape  may  be  enough  to  fix  LE 
cells.  However,  the  LE  cells  experienced  serious  expansion 
in  a  vacuum,  as  seen  in  Fig.  3.  As  a  result,  the  aluminum  tape 
could  not  keep  the  LE  cells  in  the  original  position.  This  is 
very  dangerous  for  those  cells  used  as  satellite’s  power  be¬ 
cause  they  are  required  to  endure  the  severe  shock  and  vibra¬ 
tion  during  satellite  launching.  Therefore,  the  results  obtained 
in  Fig.  3  suggest  that  aluminum  tape  is  unsuitable  for  lam¬ 
inated  lithium-ion  cells  with  liquid  electrolyte  for  vibration 
and  shock  endurance  during  launching. 

We  sequentially  altered  the  ambient  temperature  of  the 
copper  plate  after  1300  cycles  from  the  initial  20  to  10, 
then  20,  0,  5,  20,  30,  20,  45,  and  back  to  20  °C  to  inves¬ 
tigate  the  ambient-temperature  effect  on  cell  performance. 
The  PE  cell  retained  its  initial  appearance  at  an  ambient 
temperature  below  30  °C.  However,  we  observed  a  slight 
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Fig.  2.  Appearance  of  a  PE  cell  with  a  polymer-type  electrolyte  (a)  before  and  (b)  after  we  applied  the  vacuum.  Image  in  (b)  was  taken  in  the  direction  opposite 
to  that  in  (a).  We  observed  no  obvious  change  in  appearance. 


expansion  of  this  cell  when  the  ambient  temperature  rose 
to  45  °C,  the  maximum  tolerance  temperature  for  the  PE 
cell.  This  expansion  could  not  be  entirely  reversed  even  after 
the  ambient  temperature  was  returned  to  20  °C.  One  pos¬ 
sible  explanation  for  this  is  that  part  of  the  electrolyte  un¬ 
derwent  an  irreversible  reaction  accompanied  by  gaseous 
product(s)  at  45  °C.  This  suggests  that  the  PE  cell  should  be 
operated  at  an  ambient  temperature  below  45  °C,  preferably 
at  30  °C. 


3.2.  Cycle-life  testing 

The  LE  cell  and  PE  cell  exhibited  different  charge  and 
discharge  characteristics  both  before  and  after  the  vacuum 
that  corresponded  to  the  changes  in  appearance,  as  described 
below. 

The  voltage  at  the  end  of  the  discharge  is  generally  an  im¬ 
portant  parameter  in  comparing  the  cycling  performance  of 
cells.  High  voltage  at  the  end  of  the  discharge  is  necessary 
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Fig.  3.  Appearance  of  a  LE  cell  with  a  liquid-type  electrolyte  (a)  before  and  (b)  after  we  applied  the  vacuum.  Image  in  (b)  was  taken  in  the  direction  opposite 
to  that  in  (a).  The  cell  expanded  in  the  vacuum. 


for  long-term  satellite  operation.  The  voltage  curves  of  the 
two  cells  are  presented  in  Fig.  4  as  an  example.  The  discharge 
curve  of  cycle  299  for  the  PE  cell  in  a  normal  atmosphere  was 
nearly  the  same  as  that  of  cycle  307  in  a  vacuum.  However, 
the  discharge  curve  of  cycle  307  for  the  LE  cell  in  a  vac¬ 
uum  was  severely  degraded  compared  with  that  in  a  normal 
atmosphere. 

Cycling  further  verified  this  tendency.  Fig.  5  presents  the 
voltage  trends  at  the  end  of  both  the  charge  and  discharge 


of  the  LE  and  PE  cells.  We  completed  4000  cycles,  corre¬ 
sponding  to  about  8  months  of  LEO  satellite  operation.  The 
LE  cell  exhibited  higher  voltage  than  the  PE  cell  at  the  end 
of  the  discharge  in  a  normal  atmosphere  before  cycle  300; 
however,  the  vacuum  after  cycle  300  led  to  a  severe  voltage 
decline  for  the  LE  cell  at  the  end  of  the  discharge.  As  a  re¬ 
sult,  the  voltage  at  the  end  of  the  discharge  for  the  PE  cell 
was  greater  than  that  of  the  LE  cell  after  approximately  1000 
cycles.  A  comparison  of  the  voltage  trends  at  the  end  of  the 
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Fig.  4.  Voltage  and  current  curves  of  (a)  LE  and  (b)  PE  cells  before  and  after 
we  applied  the  vacuum.  The  LE  cells  underwent  a  voltage  decline  at  the  end 
of  the  discharge  due  to  the  vacuum.  We  observed  no  voltage  change  for  the 
PE  cells. 
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Fig.  5.  Voltage  trends  at  the  end  of  the  charge  and  discharge  of  the  LE  and 
PE  cells.  The  chamber  environment  and  ambient  temperature  are  indicated 
in  the  graph.  The  PE  cell  exhibited  acceptable  cycling  performance  in  an 
ambient  temperature  range  from  10  to  30  °C. 


discharge  indicated  that  the  PE  cells  had  lower  performance 
dispersion  than  the  LE  cells. 

Fig.  5  also  illustrates  the  ambient- temperature  effect  on 
cell  performance.  Three  conclusions  can  be  drawn  here.  First, 
the  PE  cell  may  be  cycled  at  an  ambient  temperature  as  low 
as  5  °C,  even  though  we  observed  a  greater  voltage  decline 
at  the  end  of  the  discharge  at  a  low  ambient  temperature. 
Second,  a  high  ambient  temperature  is  appropriate  for  PE 
cell  operation  within  the  limits  of  the  300-cycle  data  at  each 
ambient  temperature.  Third,  the  PE  cell  maintained  a  high 
voltage  of  about  3.2  V  at  the  end  of  the  discharge,  even  after 
4000  cycles.  On  the  other  hand,  when  the  ambient  tempera¬ 
ture  returned  to  the  standard  20  °C  after  the  3400th  cycle,  the 
voltage  of  the  LE  cell  declined  to  below  the  lower  voltage 
limit  of  2.75  V  at  the  end  of  the  discharge  when  the  cycle-life 
testing  was  finished. 

Fig.  4  also  shows  the  current  curves  of  LE  and  PE  cells. 
In  the  CV  phase,  the  cell  current  diminished  with  charge 
time  at  the  taper  voltage.  This  decrease  in  charge  current 
depends  entirely  on  the  cell  internal  impedance.  The  lower 
the  cell  internal  impedance,  the  lower  the  current  at  the  end 
of  the  charge.  From  Fig.  4,  one  can  deduce  that  the  cell  in¬ 
ternal  impedance  of  both  LE  and  PE  cells  increased  with 
cycling. 

Fig.  6  indicates  the  current  trend  at  the  end  of  charging  the 
LE  and  PE  cells.  A  comparison  of  the  trends  in  the  current 
of  the  LE  and  PE  cells  revealed  that  the  LE  cell  had  a  lower 
current  at  the  end  of  the  charge  than  the  PE  cell  before  cycle 
2200,  even  though  a  vacuum  was  applied  after  cycle  300.  This 
demonstrates  that  it  is  difficult  to  attribute  voltage  decline  at 
the  end  of  the  discharge  only  to  an  increase  in  the  cell  internal 
impedance.  There  are  other  factors  that  result  in  a  decline  in 
cycling  performance  of  a  LE  cell  in  a  vacuum.  The  current 
at  the  end  of  the  charge  for  the  PE  cell  was  lower  after  cycle 
2200  than  that  of  the  LE  cell. 
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Fig.  6.  Current  trend  at  the  end  of  the  charge  of  the  LE  and  PE  cells.  With 
cycling,  the  LE  cell  had  a  bigger  current  increase  at  the  end  of  the  charge 
than  that  of  the  PE  cell. 
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The  cell  capacities  were  verified  at  fixed  points  during 
the  testing.  Fig.  7  presents  the  changes  in  the  residual  and 
real  capacities  of  both  the  LE  and  PE  cells.  The  much  longer 
charge  time  applied  in  the  real  capacity  measurement  caused 
the  difference  between  the  residual  and  real  capacities.  This 
difference  reflects  the  capacity  loss  during  testing  due  to  the 
cell  internal  impedance.  The  difference  between  the  residual 
and  real  capacities  increased  with  cycling  for  the  LE  cell, 
and  the  real  capacity  decreased  sharply  after  a  vacuum  was 
applied.  This  correlates  with  the  voltage  decline  at  the  end  of 
the  discharge,  as  illustrated  in  Fig.  5.  The  PE  cell  exhibited 
a  gentle  decline  in  real  capacity  and  a  relatively  small  dif¬ 
ference  between  the  residual  and  real  capacities,  yielding  an 
acceptable  cycling  performance  for  this  type  of  cell. 

The  capacity  ratio  of  the  charge  and  discharge  (C/D  ratio) 
is  another  important  parameter  that  reflects  the  difficulty  of 
cell  capacity  recovery  in  the  charging  process.  Fig.  8  presents 
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Fig.  8.  Capacity  ratio  of  charge  and  discharge  (C/D  ratio)  of  (a)  LE  and  (b) 
PE  cells.  We  observed  a  considerable  fluctuation  around  the  base  value  of 
100%  in  the  C/D  ratio  for  LE  cells  after  a  vacuum  was  applied. 


the  C/D  ratio  of  these  cells  up  to  4000  cycles.  The  C/D  ra¬ 
tio  decreased  with  cycling,  indicating  that  the  difficulty  of 
cell-capacity  recovery  in  the  charging  process  increases  with 
cycling.  Additionally,  we  can  deduce  that  the  decline  in  the 
C/D  ratio  is  attributable  to  an  increase  in  cell  impedance  since 
the  C/D  ratio  depends  heavily  on  the  ambient  temperature. 
The  LE  cell  exhibited  a  considerable  fluctuation  around  the 
base  value  of  100%  in  the  C/D  ratio  in  a  vacuum.  A  particu¬ 
larly  severe  insufficiency  in  the  charge  capacity  of  the  LE  cell 
occurred  after  cycle  2400,  even  at  an  ambient  temperature  of 
20  °C,  corresponding  to  the  voltage  decline  at  the  end  of  the 
discharge. 

The  above  results  indicate  that  the  cell  internal  impedance 
is  an  important  factor  that  affects  its  cycling  performance. 
We  measured  the  cell  impedance  after  each  capacity  verifi¬ 
cation  to  clarify  this  correlation.  Fig.  9  depicts  representative 
Cole-Cole  plots  of  the  LE  and  PE  cells  at  20  °C.  Two  sepa¬ 
rate  semicircles  may  be  distinguished  at  medium  frequencies. 
In  the  low-frequency  range,  a  straight  line  was  observed,  re¬ 
flecting  the  lithium-ion  diffusion  process  in  electrode  active 
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Fig.  9.  Cole-Cole  plots  of  (a)  LE  and  (b)  PE  cells  at  20  °C. 


materials.  Furthermore,  we  found  that  the  semicircle  in  the 
high-frequency  range  was  almost  constant  with  SOC,  in  con¬ 
trast  to  the  semicircle  in  the  middle-frequency  range.  Many 
works  have  been  done  to  interpret  the  impedance  of  a  lithium- 
ion  cell  [19,20].  Generally,  we  could  accept  that  the  contri¬ 
bution  to  cell  impedance  from  the  anode  appeared  only  at 
high  frequencies,  while  the  impedance  at  moderate  to  low 
frequency  was  due  to  the  cathode.  By  using  this  knowledge, 
we  deduced  from  Fig.  9  that  the  cathode,  rather  than  the  anode 
or  electrolyte  largely  dictated  the  cell  impedance. 

The  intercept  with  the  reality  axis  for  the  LE  cell,  corre¬ 
sponding  to  the  connection  resistance  of  the  current  collector 
and  electrolyte,  increased  steeply  due  to  the  vacuum  after 
cycle  300,  in  addition  to  an  increase  in  the  semicircle’s  di¬ 
ameter  at  a  moderate  frequency  range  reflecting  the  charge 
transfer  resistance  of  the  cathode.  This  correlated  well  with 
the  cell  performance  decline  of  the  LE  cell  after  the  vacuum 
was  applied,  as  indicated  in  Figs.  4-7.  It  is  difficult  to  de¬ 
termine  the  electrolyte  impedance  increase  caused  by  a  vac¬ 
uum.  Therefore,  the  preceding  result  indicates  that  the  cell 


impedance  increase  in  a  vacuum  may  be  attributed  to  both 
the  charge-transfer  resistance  of  the  cathode  and  to  the  con¬ 
nection  resistance  of  the  current  collector.  The  intercept  with 
the  reality  axis  for  the  PE  cell  corresponded  to  the  connection 
resistance  of  the  current  collector  and  the  electrolyte  and  was 
almost  independent  of  the  vacuum  and  cycle  number.  This 
suggests  that  the  impedance  increase  resulted  primarily  from 
the  charge  transfer  resistance  of  the  cathode. 

3.3.  Discussion 

The  test  results  suggest  that  it  is  difficult  to  explain  the 
decline  in  cycling  performance  of  the  LE  cell  in  a  vacuum 
using  only  the  cell  internal  impedance.  We  must  analyze  the 
relationship  of  capacity  change,  cell  internal  impedance,  and 
voltage  trend  as  described  below  to  understand  the  different 
cycling  characteristics  of  LE  and  PE  cells  in  a  vacuum. 

The  voltage  decline  at  the  end  of  the  discharge  is  attributed 
primarily  to  an  increase  in  cell  internal  impedance  and  its  ca¬ 
pacity  loss.  Although  the  internal  impedance  of  the  LE  cell 
increased  after  the  vacuum  was  applied  at  cycle  300,  it  was 
still  less  than  that  of  the  PE  cell,  as  indicated  in  Fig.  9.  Further¬ 
more,  the  increased  impedance  of  the  LE  cell  was  partially 
caused  by  the  connection  resistance  of  the  current  collector. 
In  contrast,  the  real  and  residual  capacities  of  the  LE  cell 
simultaneously  experienced  a  steep  decrease  after  cycle  300 
(Fig.  7).  This  suggests  that  the  difference  in  cycling  perfor¬ 
mance  of  the  LE  and  PE  cells  in  a  vacuum  can  be  explained 
as  follows. 

The  laminated  package  expands  in  a  vacuum,  leading  to 
exfoliation  of  the  active  electrode  materials  from  the  cur¬ 
rent  collector  and  high  connection  impedance  of  the  current 
collection,  as  observed  in  Fig.  9.  The  cell’s  capacity  loss  in¬ 
creases  as  a  result  and  its  cycling  performance  decreases.  This 
behavior  of  the  LE  cell  in  a  vacuum  may  be  considered  to  be 
the  primary  cause  of  its  poor  cycling  performance. 

In  contrast,  the  PE  cell  contains  polymer  support  material 
that  forms  a  gel  electrolyte  by  incorporating  organic  elec¬ 
trolytes,  and  therefore  both  the  laminate  package  and  the 
active  electrode  materials  adhere  to  the  gel  electrolyte.  This 
structure  maintains  the  configuration  stability  of  the  cell  even 
in  a  vacuum,  and  thus  contributes  to  acceptable  cycling  per¬ 
formance.  Actually,  we  found  in  a  destroyed  PE  cell  that  the 
polymer  (gel)  electrolyte  kept  the  electrodes  and  laminate 
film  package  together. 

In  a  PE  cell,  the  electrolyte  is  located  in  the  hole  of  polymer 
material.  Since  the  polymer  structure  keeps  stable  in  a  vac¬ 
uum,  the  electrolyte  distribution  is  also  stable.  On  the  other 
hand,  LE  cell  expands  in  a  vacuum.  This  may  lead  to  the 
electrolyte  evaporation,  and  hence  cell  impedance  increase, 
as  shown  in  Fig.  9a. 

The  capacity  loss  of  a  LE  cell  in  a  vacuum  may  be  reversed 
when  the  cell  re-enters  a  normal  atmosphere  again  due  to  this 
incorporating  mechanism.  We  observed  this  cell  capacity  in¬ 
crease  of  a  LE  cell  after  changing  the  chamber  environment 
from  a  vacuum  to  a  normal  atmosphere  in  another  experiment. 
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This  helped  confirm  the  accuracy  of  our  preceding 
deduction. 

In  Fig.  5,  we  found  that  the  PE  cells  had  lower  perfor¬ 
mance  dispersion  than  that  of  the  LE  cells.  Generally,  the 
voltage  decline  at  the  end  of  the  discharge  follows  the  dis¬ 
charge  curve  of  this  cell.  In  the  plateau  voltage  region,  the 
cell  voltage  is  almost  independent  of  cell  capacity.  Below 
the  plateau  voltage,  the  cell  voltage  strongly  depends  on  cell 
voltage.  Therefore,  the  larger  the  cell-capacity  loss,  the  more 
serious  the  cell-performance  dispersion  may  become.  In  this 
cycle-life  testing,  we  applied  the  same  depth  of  discharge  and 
taper  voltage  in  every  cycle.  The  voltage  decline  at  the  end  of 
the  discharge  was  mainly  attributable  to  capacity  loss  during 
the  cycling.  As  shown  in  Fig.  7,  PE  cells  had  better  capacity 
retention  and  capacity  dispersion  than  LE  cells  in  a  vacuum, 
which  led  to  less  voltage  dispersion  of  PE  cells  than  LE  cells. 

The  ambient  temperature  plays  an  important  role  in  deter¬ 
mining  the  cycling  performance  of  a  lithium-ion  cell.  Con¬ 
ventional  alkaline  cells  for  space  applications  generally  re¬ 
quire  an  ambient  temperature  ranging  from  0  to  10  °C  to 
achieve  the  best  cycling  performance.  The  operation  temper¬ 
ature  range  must  also  be  optimized  for  lithium-ion  cells  used 
as  satellite  power  sources.  A  laminated  lithium-ion  cell  may 
be  inserted  in  the  onboard  instruments  of  a  microsatellite, 
as  stated  above.  As  a  result,  the  thermal  properties  of  the 
instruments  may  severely  affect  the  ambient  temperature  of 
the  laminated  lithium-ion  cell.  Laminated  lithium-ion  cells 
are  generally  sensitive  to  high  temperature  due  to  the  use  of 
a  laminate  film  package,  which  may  lead  to  organic  elec¬ 
trolyte  vaporization  and  hence  to  cell  expansion.  However, 
too  low  an  ambient  temperature  causes  poor  cycling  perfor¬ 
mance  due  to  the  cell’s  high  internal  impedance.  The  voltage 
trend  in  Fig.  5  indicates  that  the  proper  ambient  temperature 
for  a  PE  cell  is  from  10  to  30  °C,  while  the  lower  limit  of  the 
ambient  temperature  is  5  °C  to  enable  normal  cycling  of  this 
cell. 

Microsatellites  using  commercial  lithium-ion  cells  require 
an  approach  very  different  from  established  space  techniques. 
A  microsatellite  operates  in  LEO  and  is  generally  designed 
for  a  short  mission  life,  usually  less  than  1  year.  This  enables 
use  of  lithium-ion  cells  under  relatively  strict  conditions,  such 
as  a  high  charge  rate,  high  taper  voltage,  and  a  wider  range  of 
ambient  temperature.  Sample  screening  and  simulated  cycle- 
life  testing  for  new  technologies  became  significant  for  com¬ 
mercial  lithium-ion  cells  to  keep  pace  with  the  rapid  changes 
in  the  commercial  market.  We  must  verify  the  endurance  of 
laminated  lithium-ion  cells  in  space  to  facilitate  their  appli¬ 
cation  to  microsatellites.  This  encourages  testing  of  vacuum 
vibration  and  off-gas  testing  in  a  vacuum,  as  our  next  step. 

4.  Conclusions 

We  are  testing  the  cycle  life  of  commercial  laminated 
lithium-ion  cells  with  both  liquid  and  polymer  electrolytes  by 
simulating  a  satellite’s  LEO  operation  in  various  environmen¬ 


tal  conditions  at  JAXA,  with  the  objective  of  microsatellite 
application.  We  have  completed  4000  cycles,  corresponding 
to  about  8  months  of  LEO  satellite  operation. 

The  LE  cells  initially  exhibited  better  performance  than 
the  PE  cells  in  a  normal  atmosphere.  However,  the  LE  cell 
began  to  expand  in  the  vacuum  environment  (about  20  Pa), 
accompanied  by  capacity  loss  and  voltage  decline  at  the  end 
of  the  discharge  cycle.  In  contrast,  the  PE  cells  exhibited  ex¬ 
cellent  endurance  in  a  vacuum  and  maintained  high  capacity 
and  high  voltage  at  the  end  of  the  discharge  cycle.  We  in¬ 
terpreted  this  difference  in  cell  performance  of  LE  and  PE 
cells  to  be  based  on  their  individual  electrolyte  properties. 
We  attribute  the  acceptable  cycling  behavior  of  the  PE  cell  in 
a  vacuum  to  the  adhesive  properties  of  the  gel  electrolyte  that 
holds  the  laminate  film  package  and  the  active  electrode  ma¬ 
terials  together.  A  comparison  of  cell  performances  at  various 
ambient  temperatures  demonstrated  that  the  proper  ambient 
temperature  range  for  this  cell  is  from  10  to  30  °C. 
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